had previously been observed [4] . An intact actin cytoskeleton is important for this wandering; disruption of actin cables and patches resulted in an approximately twofold reduction in the area explored after 20 minutes. This suggests that actin-dependent vesicle traffic is important for the displacement of the polarity site and furthermore it was shown that the type V myosin Myo2, which transports secretory vesicles to the plasma membrane [10] , also contributes to wandering [6] . The authors make use of a mathematical model that combines two processes with respect to activated Cdc42 -mechanistic reaction-diffusion including a positive feedback loop and vesicle traffic [11] -and propose that secretory vesicle fusion that occurs adjacent to the polarity patch shifts the position of the patch due to dilution of polarity regulators at the site of fusion [6] ( Figure 1C ). Based on simulations and known parameters, fusion of a single 100 nm secretory vesicle could shift the peak of the polarity patch by up to 10 nm! Accordingly, vesicle delivery (w50/minute) by a limited number of actin cables would be critical for polarity-site wandering and, in simulations, wandering was most sensitive to cable lifetime [6] . It will be important to test this aspect of the model by following actin cable dynamics using TIRF microscopy (enabling visualization of their termini at the cortex), as has been done in budding cells [12] .
Polarity-patch movement also exhibited substantial persistence, i.e. propensity to move in the same direction, which was recapitulated by the model as multiple vesicles tend to fuse at the same location [6] . In the simulation, the degree of patch persistence depended on the number of cables and their lifetime. The number of actin cables observed in budding cells (10-25 depending on whether cell are polarized) [12] , together with the polarity-patch persistence measurements in the cdc24-m1 rsr1D mutant [6] suggest that cable lifetimes are approximately 1 minute. It remains to be seen whether actin cables are clustered or dispersed and what their numbers and lifetimes are in cdc24-m1 rsr1D cells responding to pheromone. While the mathematical model of polarity-site wandering simulates this process remarkably well, there are quantitative differences that suggest additional processes and fine-tuning contribute. For example, even in cdc24-m1 rsr1D cells lacking an intact actin cytoskeleton, some wandering of polarity proteins is still observed. Furthermore, in both S. cerevisiae and S. pombe, there appear to be intensity fluctuations in these clusters over time [5, 6] . It is likely that the polarity sites wander and disassemble/assemble in both yeasts, but that the relative contributions of these two processes varies. From modeling in S. cerevisiae, it has been speculated that the dynamic positioning of the polarity patch allows cells to time average signals and thereby filter out stochastic noise, enabling the tracking of dynamic shallow gradients [6] . However, this would likely require a bidirectional transfer of information between the polarity patch and the pheromone receptor. It is tempting to speculate that dynamic positioning functions similarly in S. pombe. Interestingly, S. cerevisiae cells responding to pheromone gradients or reorienting to a change in gradient are less pointy and more blunt [6, [13] [14] [15] , consistent with the proposal that wandering is critical for gradient tracking. Elucidating the additional mechanisms that control spatial and temporal concentration fluctuations of polarity proteins in fungal mating will be crucial for our understanding of the conserved principles that enable robust, precise gradient tracking. Until the 1960s, the prevailing view was that only mammals possessed the cells, circuitry and lamination characteristic of the 'neocortex', and that the totality of the cortex and its circuitry evolved in a single evolutionary step coincident with the rise of mammals. The major masses of the avian, reptilian and teleost forebrains were considered largely an unspecified variant of the mammalian basal ganglia, mainly lying in the dorsal ventricular ridge (DVR) ( Figure 1A ,B) and with only a scant and thin dorsal cortical mantle. In keeping with then current ideas, nonmammals were thought incapable of refined sensory-motor or cognitive operations believed to be mediated by the neocortex. How is the avian/reptilian brain organized? How is sensory information processed in a manner resulting in virtually identical outcomes to that of mammals, in the seeming absence of a neocortex?
Back in 1969, from analysis of their connections, cellular morphology, physiology and histochemical properties, I concluded [2] that, in avian and reptilian brains, the major sensory cells and circuits directly comparable to those of the mammalian neocortex are found in the DVR and adjoining dorsomedial pallial 'wulst'. These cells performed similar, or even identical, computational operations to those of cortex [2, 3] . The more ventrally positioned cell masses were found to contain all the components characteristic of the basal ganglia of mammals ( Figure 1A ,B) [2] [3] [4] [5] . I inferred that the homologous cells and circuits found in mammalian neocortex had evolved prior to, and independently of, the pervasive laminar pattern typical of mammalian neocortex. I speculated that the changes associated with the evolutionary origins of the neocortex in transition from reptiles to mammals occurred largely by tangential migration from the proliferative zones of the DVR into the cortical regions. Tangential migration of neuroblasts from proliferative zones of both the dorsal and ventral ventricular ridges, giving rise to GABAergic and glutamatergic cortical neurons, was indeed subsequently observed [6, 7] .
In their new work, Dugas-Ford et al. [1] examined the expression of selected genes in mammalian neocortex and compared the results to the pattern of expression of homologous genes in avian and turtle brains. They provide compelling direct molecular evidence supporting my earlier speculations. They wisely chose to compare highly conserved genes with products in different categories, including proteins that regulate ion channels, transcription factors, and some that have unknown roles but that are highly conserved in all amniotes. They selected genes that continue to be expressed robustly in adult life, thus avoiding the ambiguities that emerge when comparing the fluctuating patterns of genes expressed transiently during embryogenesis or consequent to activity. In situ hybridization showed that genes that Though differing in macroarchitecture, the basic cell types and connections of sensory input and output neurons of (A) avian/reptilian and (B) mammalian telencephalon are nearly identical, most notably lacking tye familiar pyramidal cell morphology. The populations receiving sensory input and the output neurons of both regions express the same genes found in the sensory recipient and output laminae of mammalian neocortex as indicated by the color code of genes and layers [1] . In birds and other nonmammalian vertebrates, individual laminae were often disposed as distinct nuclei, particularly within the large intraventricular expansion of the dorsal ventricular ridge (DVR). The cell clusters share properties with individual layers of the mammalian sensory cortex, particularly the auditory and tectofugal visual sensory cortex of the temporal lobe. In mammals, the homologous neurons are found in laminae, a characteristic feature of mammalian neocortex. The major change that may have occurred with the evolution of mammals is an altered pattern of migration of these cell groups from the DVR into laminae in the dorsolateral pallium. In birds a separate pallial region, the dorsomedial 'wulst' or 'bump' shares many properties with the mammalian striate cortex, though with the output layer lying most extenally. In contrast, the basal ganglia occupy similar location, connections, relative volume and molecular properties in all Classes of vertebrates and appear to have experienced few changes over the past 535 million years. Aiv, arcopallium intermedium; BG, basal ganglia; CM, L1, L2, L3, nuclei/covert laminae within DVR; DVR, dorsal ventricular ridge; Hp, hippocampus; Spt, septum; St Ctx, striate cortex; V, ventricle; Wulst, 'bump' homologous to mammalian striate cortex; WhM, white matter; 1-2, 3, 4, 5a, 5b-6, layers of mammalian cortex; EAG2 and RORbeta, genes commonly expressed in sensory neurons of layer 4; ER81 and PCP4, genes commonly express in output neurons of layers 5b-6 of cortex.
are co-expressed in populations of layer 4 cortical neurons of mammals, such as EAG2/KCNH5 and RORbeta, are co-expressed in avian forebrain nuclei that were previously postulated to be homologous to layer 4. Athough Dugas-Ford et al. [1] did not report the statistical probability of uncorrelated co-expression, the likelihood is presumably remote. They used a different and larger set of genes to test those neurons originally suggested to be homologous to mammalian cortical neurons of layer 5 (output neurons from cortex to brainstem). They again found from the expression patterns extensive congruence with mammalian cortical neurons of layer 5. In her doctoral thesis, Dugas-Ford [8] makes a compelling case for what she generously refers to as the 'Karten hypothesis', validating the major proposals of my original 1969 paper, including the puzzling discovery of a more obviously laminated second sensory zone in the dorsal pallium of the telencephalon, the 'wulst', which implies heterogeneity in the origins of neocortex. The wulst was found to contain circuitry and physiological properties almost identical to that of the mammalian visual cortex ( Figure 1A,B) [2, 9] , though with the output neurons lying on the dorsal surface of the wulst, instead of ventrally, as in mammals.
The Dugas-Ford et al. [1] paper follows closely on the heels of an exciting report by Sten Grillner's group [10] demonstrating that all the major components and connections of the basal ganglia of birds and mammals can also be found in lampreys.
Stephenson-Jones et al. [10] conclude that the fundamental circuitry of the basal ganglia of vertebrates has been preserved since the last common ancestor w535 million years ago.
Similar antiquity may pertain to cortical types of cells and circuits. One of the most novel findings of Dugas-Ford et al. [1] is the demonstration of continuity of the DVR and the overlying dorsal cortex in turtles, leading to the potential for unraveling the largely ignored heterogeneities in mammalian cortex.
One of the important concepts that has emerged from these comparative studies of the avian telencephalon is that the cells, microcircuits, transmitters, complex physiological properties and major connections on the mammalian brain evolved independently of the pattern of lamination. Where are the programs for the variety of cell types hidden in the genome? Neurobiologists have long appreciated that many of the cell types, their transmitters and the detailed connections of the spinal cord and brain stem have been highly conserved over the course of vertebrate evolution. The same condition pertains to many of the cortical cells and circuits. The highly conserved nature of the cells in cortex vis-a`-vis the DVR and wulst indicate that these properties are profoundly embedded and shared within the genome of many classes of vertebrates.
Thus, these two problems, cell typology versus lamination, can potentially be explored independently. Dugas-Ford et al. [1] point out that the 'nuclear' grouping of cell types in the avian brain, corresponding to cortical layers, may simplify cell sampling and provide a powerful tool for examining the properties of individual cell types. The presence or absence of a cortical type of configuration may now be amenable to contemporary molecular analysis.
The presence of widespread lamination in mammal brains compared to its seeming absence in the brains of birds and other reptiles can be explored as a binary problem, possibly under the control of a limited network of genes that drive cell migration and secondary positioning to assemble the ubiquitous pattern of lamination in mammals. Perhaps by disrupting hypothetical 'laminationspecification' genes common to other layered structures, including olfactory bulb, retina, optic tectum and vagal lobes of fish, we may be able to identify the molecular regulatory mechanisms that control this development. What are the advantages of cortical versus nuclear organization of homologous neuronal circuits? My earlier proposal that the avian brain contains cells and circuitry which are nearly identical to those in the mammalian cortex, but disposed as nuclei rather than layers with interlaminar reciprocal connections, is strongly supported by the recent report by Dugas-Ford et al. [1] . Recently, however, Wang et al. [11] directly demonstrated the existence of radial columnar organization within the auditory region of the telencephalon, with recurrent loops strikingly similar to that long recognized as a characteristic of the mammalian sensory cortex (Figure 2A,B) . They suggested that this radially organized columnar processing unit evolved at least 250 million years ago. Recent studies of the zebra finch brain by Woolley et al. [12] , Kim and Doupe [13] and others have started to clarify the role of each of the constituent populations of this radial column in the auditory 'cortex' and provide insight into the presumably ancient mechanisms of computational processing common to different classes of vertebrates, including mammals. The simple dichotomy of laminar versus nuclear organization in mammals vs. birds was a useful heuristic model to understand the evolution of cortex, and now may lead to ever more intriguing questions about evolution of the refined microcircuitry so characteristic of mammalian cortex.
We are now confronted with the challenges of specifying mechanisms underlying cell typology and the molecular regulation involved in building highly conserved, small specialized microcircuits. A still greater problem of how macroarchitectural components such as regionally distinct laminated cortical areas are formed in both evolution and embryogenesis remains to be addressed.
Magdalena Zernicka-Goetz
The question of how cells of early mammalian embryos first become different from each other -either entering the path towards pluripotency or the path towards differentiation -has been attracting substantial interest for many years. Undeniably, as the mouse embryo is a model system to understand development of the human embryo, it raises two of the most important questions about our own development: 'How do cells start to develop their unique identity to establish the shape and pattern of the body?' and 'when does this all begin to happen?' Understanding the answers will help us in many ways, from finding the best way to generate stem cells and guide their differentiation process, to how to select cells for genotyping embryos fertilized and developing in vitro. In the embryos of most model organisms, the earliest differences between cells arise as a result of polarisation of the egg, which causes regulatory molecules, 'determinants', to become asymmetrically localised. But the way mammalian embryos work is most likely different -it is more 'democratic'. Cells of mammalian embryos have not been observed, thus far, to inherit maternally provided instructions -they need to 'make up their minds' about what to do and then influence the majority decision. So how do pattern and form begin to develop in the mammalian embryo? In this issue of Current Biology, Kevin Eggan and colleagues [1] shed light on these questions by using a novel cell labelling technique to follow the developmental contributions made by individual early mouse embryo cells, called at this stage, blastomeres.
Mouse embryo development starts with a series of precise cleavage divisions that after four days result in a blastocyst with three cell types found in distinct layers: 'outside' cells of the trophectoderm and two layers of 'inside' cells, the inner cell mass, that form either the epiblast or the primitive endoderm ( Figure 1A ). Epiblast cells
